" On those stepping into rivers staying the same [,] other and other waters flow." 
Principles of Tensegrity
Tensegrity is an architectural principle put forth by According to Fuller, 2 broad classes of tensegrity structures exist: prestressed and geodesic 3, 4 ( Figure 1 ). Prestressed tensegrity structures are formed from a series of discontinuous compression-resistant elements held within a web of continuous tension elements ( Figure 1A ). These structures can be altered either by adjusting the amount of tensional prestress within the structure or by repositioning the intermittent compression-resistant elements. In contrast, geodesic mechanotransduction. 24, 34, 35 Tensegrity principles and mechanotransduction are now of crucial importance in our understanding of numerous biological processes, from carcinogenesis [36] [37] [38] [39] [40] [41] to developmental biology 21, 24, 42, 43 and tissue engineering. 20, 25, 44 Scientists from various fields of study are begin-
ning to realize what osteopathic medicine has recognized from its inception: mechanical forces are just as important as biochemical signaling in shaping proper cell development, function, and pathologic processes.
At the center of this recognition is an understanding of the hierarchical organization of biological organisms, with biotensegrity being a leading theory. In the present article, I will first define tensegrity architecture and biotensegrity, highlighting the scientific evidence for these concepts. Then, I will introduce the concept of cellular mechanical signal transduction. Finally, I will explore the integration of biotensegrity with osteopathic principles and practice and propose a key role for incorporating biotensegrity principles in osteopathic clinical practice, education, and research.
A B Figure 1 . Models of (A) prestressed and (B) geodesic tensegrity structures. The 2 classes of tensegrity systems were founded by R. Buckminster Fuller.
Application of Tensegrity Theory to Biological Organisms (Biotensegrity)
Intuition tells us that the spinal column cannot really function as a "column" in any sense of the word. To arrive at this conclusion, all the mind has to do is picture a person holding an advanced back-bend yoga pose such as "The Wheel" (Figure 2 ). It is not surprising, then, that application of tensegrity architecture to biological organisms (ie, biotensegrity) began with the human spine in the 1970s. 47 In the early 1980s, scientists began looking at the cell as a tensegrity structure. 48 Over the next 3 decades, the concept of biotensegrity expanded markedly and today is being applied at the molecular, 18, 19 cellular, 2, [8] [9] [10] tissue, 20, 21 organ, [22] [23] [24] [25] [26] [27] [28] and organ system 22, [29] [30] [31] [32] [33] levels ( Figure 3 ), revealing the true biotensegrity architecture of biological organisms. Further, each "level" is intimately linked to the next in a hierarchical organization, 9, 22, 34, 49, 50 or systems within systems within systems ( Figure 4 ). Without question, the most thoroughly researched area of biotensegrity has been at the cellular level, led by the work of Ingber.
According to Ingber, he was originally introduced to tensegrity architecture in 1975 while he was taking an undergraduate course on sculpting. 2 Using a prestressed tensegrity model, his professor demonstrated many mechanical properties of tensegrity structures, such as being stabilized by continuous tension with discontinuous compression, being prestressed, responding to external forces by transmitting the force throughout the entire structure, and returning to its original shape on being released from a stretched state. During this time, Ingber was also studying the techniques of cell culture in a biology course. Ingber thought of the tensegrity models from his sculpting course while he was using light microscopy to observe the properties of cells grown in cell culture and their rapid deformation to a rounded-up ball when trypsinized (ie, released from contact with the extracellular matrix [ECM] the cell and also to the nucleus, which is itself a tensegrity structure (Figure 4 ). During the past decade, stud- ments and microtubules function as discontinuous compression elements within the cell ( Figure 3 ). 9 However, direct evidence was still needed. For microfilaments, the direct evidence was provided in 2006 with the use of laser nanoscissor technology that cut microfilaments in living prestressed cells. 56 After disruption with a laser, microfilaments spontaneously recoiled. 56 Additional studies 15, 57 supported the theory that microtubules are compression resistant struts inside the cell but suggested that the ECM is also involved in resisting cellular tension. A tensegrity model of a cell with a separate tensegrity nucleus intimately connected to the larger tensegrity cell was introduced in Ingber's original 1985 publication on cellular tensegrity. 48 The model predicts that any force applied to the cell will be transmitted throughout A prestressed tensegrity model that represents biotensegrity architecture at all size scales throughout the human body. Examples of biotensegrity at the molecular, cellular, tissue, organ, and organ system levels with corresponding tension and compression elements are presented. The junction of tension elements with a compression-resistant element can be viewed as a model of a focal adhesion (FA) complex within the cell, which provides the vital link between the extracellular matrix and the cytoskeletal biotensegrity system. Complementing these laboratory experiments, mathematical modeling of tensegrity systems has been shown to predict numerous aspects of cellular dynamics. 13, 61 In addition, biomedical engineers are using tensegritybased models of red blood cells to begin to understand the cells' ability to constantly deform in circulation while A B Figure 4 .
Model of how a force that is applied to a larger biotensegrity structure will be transmitted throughout the biotensegrity structure at this level (A) and also to the biotensegrity structure at the next level down (B; eg, a cell linked to its nucleus). Printed with permission from the Randel Swanson II, DO, PhD, Collection.
duction in tissue development and bioengineering. 21, 25 This topic will be discussed in the following section on cellular mechanical signal transduction. Here, I will limit the discussion to bone and lung. In the context of tensegrity architecture, a bone is a compression-resistant strut as part of the musculoskeletal system. In isolation, however, a bone is also an independent tensegrity structure.
To make this point, Chen and Ingber 22 looked at the femur. The femur is a long bone with a marrow-filled cavity that is atypical because it has a femoral neck and head that extend superior-medially at an approximately 45 o angle. Because of this anatomy, the gravitational compression force from the weight of the body is not transmitted through the femur as a vertical line. Rather, it is transmitted as a curvilinear force extending from the hip to the knee. As a tensegrity structure, then, the medial aspect of the femur is resisting compression while the lateral aspect is under tension. 22 Further, at the proximal and distal ends of the femur (and all long bones), the bone widens and compact bone is replaced with cancellous bone. Importantly, cancellous bone is not haphazardly arranged but is organized around geometric triangulation, with some struts under tension and some resisting compression. This triangulation provides maximum stability of the bone and aids in receiving and dissipating force through a joint. Therefore, the femur is a tensegrity structure composed of a combination of prestressed and triangulated components.
The lung is another organ that has been viewed as a tensegrity structure, both in humans 28 and birds. 26 According to these models, the lungs are viewed as being under constant tension (prestress). This tension arises from an extensive fiber system that permeates all aspects of the lung, from the lung periphery to the hilum. 28 The fiber system has a geodesic arrangement with constant tension toward the hilum. During inspiration, the lungs are pulled open because of negative intrathoracic pressure as the diaphragm contracts and because the accessory muscles of respiration pull the ribs
Molecular Biotensegrity
Zanotti and Guerra 19 proposed that the folding of globular proteins (secondary and tertiary structures) is governed by the principles of tensegrity architecture.
According to this hypothesis, α-helices and β-sheets are the compression-resistant struts, while the atomic forces of attraction and repulsion provide the continuous tension ( Figure 3) . The dynamic conformational changes occurring throughout prestressed globular proteins during ligand binding and release is consistent with tensegrity principles. 19 On the basis of modeling studies, hierarchical tensegrity mathematical models have accurately predicted numerous properties of cellular actin-myosin stress fibers seen in cultured cells 63 and can be used to model virus self-assembly. 64 Further, a model of bacterial carboxysome shells, based on x-ray crystals of the component proteins, revealed that the individual 3-dimensional shapes of the component proteins are pentameric and are able to assemble together to form an icosahedral shell. 65 This model is another demonstration of hierarchical organization of biotensegrity systems, with the individual prestressed tensegrity globular proteins uniting together to form a larger geodesic tensegrity structure.
At the nucleic acid level, tensegrity principles are being used to construct 3-dimensional tensegrity-based DNA structures. 18, 66 Scientists are exploring the utility of using these self-assembling structures in nanotechnology applications. Thus, at both the nucleic acid level and the protein level, evidence is mounting in support of molecular biotensegrity.
Organ and Tissue Biotensegrity
With the concept of cellular biotensegrity firmly estab- intermediate filaments that span to the nucleus, 50 and stress-activated ion channels. 74 Therefore, focal adhesions can be viewed not only as key components of the cellular biotensegrity system, but also as principle regulators of mechanotransduction.
Cyclic Adenosine Monophosphate
Cyclic adenosine monophosphate is one of the most ubiquitous second messengers of the cell and performs numerous functions, including protein activation and transcription regulation. Therefore, every medical student studies the details of the G-protein-linked adenylyl cyclase signaling system, which produces cAMP, and the numerous extracellular ligands (including several pharmaceutical agents), which bind to the G-protein and upregulate or downregulate the production of cAMP. In addition to extracellular ligands, it has been demonstrated that mechanical forces applied through focal adhesions can also modulate the production of cAMP and subsequently lead to activation of transcription factors within the nucleus. 72, 73 Thus, mechanical forces play a key role in modulating cellular second messenger signaling.
Mechanical Regulation of Gene Expression
As predicted in hierarchical tensegrity models (Figure 4) , the nucleus has been shown to be intimately linked to the cytoskeleton by both microfilaments and intermediate filaments 50 The idea that the building blocks of the biological world are governed by the principles of tensegrity architecture is now well established, with an overwhelming amount of supporting scientific evidence at the cellular level.
Importantly, Ingber recognized at the inception of his cellular tensegrity concept that a prestressed cell would be poised and ready to convert mechanical information into biochemical changes. 48 Research into biotensegrity has now established that prestressed tensegrity cells, linked hierarchically to their extracellular environment and to their nucleus, receive mechanical signals (termed mechanotransduction) and integrate them with other biochemical signals to produce an orchestrated cellular response. 24 Today, research into mechanotransduction is growing exponentially and is proving to play an important role in fields ranging from developmental biology 68 to pathology. 36 
Components of the Cellular Mechanotransduction System
While the cell as a whole functions as a prestressed biotensegrity system, extracellular mechanical forces are transduced intracellularly at specific locations within the cell membrane. Research has confirmed that the class of transmembrane proteins known as integrins cluster together to form focal adhesion complexes and then bind to both proteins of the ECM and the cytoskeleton. Numerous research studies have demonstrated a role for mechanical forces during development. 21, 68 One example can be found in lung development. In one study, 27 biochemical modulation of cellular prestress was shown to alter in vivo mouse lung development. 27 In another study, 77 fetal rat type 2 epithelial cells were cultured on flexible substrates containing different proteins of the ECM while being subjected to 5% mechanical strain.
The study revealed that the cells maximally expressed It has long been recognized that the majority of tumors are surrounded by a stiffened or rigid ECM.
39,40
The increase in ECM stiffness could be due to an extracellular event, such as increased fibrosis, or to an intracellular event, such as an increase in prestress within the cell that is exerting tension on the ECM. 36 Regardless of the initiating mechanism, the resulting change in the mechanical environment will lead to altered mechanotransduction, which could cause further changes in growth and differentiation and potentially lead to metastasis.
Given the likelihood that abnormal mechanotransduction from altered ECM stiffness or organization likely plays an important role in cancer development, progression, and metastasis, Ingber 37 suggested that tissue engineering may be able to provide a treatment.
He proposed that biomaterials that mimic the embry- forces. 79 First, a freshly removed rat lung was decullularized using a soap solution (a process that killed all cells and washed away their debris, leaving behind the ECM).
The resulting decellularized lung still contained the complete 3-dimensional ECM, including that of the blood vessels and airways. The decellularized lung was seeded with epithelial and endothelial cells and then connected to a machine that ventilated and perfused the lung with liquid (culture medium), as occurs during development.
Within 5 days, the researchers were able change the perfusion/ventilation system from cell media to human red blood cells and 98% FIO 2 and were able to demonstrate through analysis of arterial blood gas that the bioartificial lung was being perfused. This research study highlights the fact that, in addition to soluble biochemical signals, the ECM and mechanical forces are just as important in proper tissue differentiation and normal functioning.
Mechanopathology
The principles of biotensegrity and the role of mechanotransduction in cell physiology lead one to consider the possibility of pathologic states due to altered mechanotransduction. Changes in the extracellular environment or within the cell could lead to altered mechanotransduction and ultimately result in disease. Numerous pathological states, such as cardiomyopathy, osteoporosis, muscular dystrophy, asthma, and atherosclerosis, are now attributed in part to alterations in mechanotransduction. 36, 80 One disease that has received a great deal of attention in relation to mechanotransduction is cancer. 36, [38] [39] [40] 81, 82 as "the capacity of fascia and other tissue to lengthen when subjected to a constant tension load resulting in less resistance to a second load application." 90 Osteopathic manipulative treatment techniques that address fascial bind and release generally fall under the category of myofascial release techniques. 91 One example is fascial unwinding, 92 which is defined in the Glossary as "a manual technique involving constant feedback to the osteopathic practitioner who is passively moving a portion of the patient's body in response to the sensation of movement. Its forces are localized using the sensations of ease and bind over wider regions." 90 Another similar technique is known as direct fascial release, 91, 92 which "requires that a torsion, compression, and/or traction force be maintained into the barrier while one waits for a release (fascial creep). After this occurs, the region can move in all planes more easily." 91 Although the concepts of fascial bind and release are widely accepted in osteopathic medicine, the physiological mechanisms that underlie these phenomena are largely unknown. 
Fibroblasts and Mechanotransduction
Fibroblasts are the principle cells of irregular connective tissue and are responsible for producing the components of the ground substance, as well as collagen, laminin, fibronectin, and other proteins of the ECM. 95 They also play a vital role in wound healing, where they are recruited to the site of injury, differentiate into myofibroblasts, and participate in closing the wound. 96 In order to orchestrate the production of these ECM and ground substance components as well as to participate in wound healing, fibroblasts are known to extend long processes in order to participate in cell-to-cell communication. This image also demonstrates the interconnection of the epidermis with the axial layer of fascia. The inset in Figure 5C is an immunohistochemistry image of mouse superficial fascia, which demonstrates the geometric organization of the superficial fascia. Printed with permission from the Randel Swanson II, DO, PhD, Collection.
Conclusion
The riddle within Heraclitus' doctrine of universal flux 1 is that while everything is constantly changing, everything remains the same. The human body has an ability to adapt to its ever-changing environment. The principles of biotensegrity provide an explanation as to how the body can receive constantly changing mechanical forces, disperse these forces throughout the organism, convert them into biochemical signals within the cell, and retain its structural integrity. 
